Novel drug delivery systems have ameliorated drugs' pharmacokinetics and declined undesired ramifications while led to a better patient compliance by extending the time of release. In fact, although there has been a multitude of encouraging achievements in controlled drug release, the application of micro-and nano-carriers is confronted with some challenges such as rapid clearance and inefficient targeting. In addition, since cell systems can be an appropriate alternative to micro-and nano-particles, they have been used as biological carriers. In general, features such as stable release into blood, slow clearance, efficient targeting, and high biocompatibility are the main properties of cells applied as drug carriers. Furthermore, some cells such as erythrocytes, leukocytes, stem cells, and platelets have been used as release systems. Hence, most common cells that were used as aforementioned release systems are going to be presented in this review article.
Introduction
Drug delivery systems have been widely investigated as powerful tools to achieve an effective therapy with proper pharmacokinetics and pharmacodynamics [1] in the last decades. In fact, various polymers, ceramics, and metals are used to fabricate drug-releasing systems for loading and transferring drugs and biological factors. [2] [3] [4] Almost 30 releasing systems are commercially available nowadays.
Unquestionably, the main problem concerning systemic injection of drugs is their inappropriate distribution in the body as a percentage of drug degrades in natural body tissues; it should be injected in high amounts to reach the desired therapeutic dosage. [5] It can be mentioned that a perfect drug system must ideally implement its pharmaceutical activity in the targeting site. In this way, the lowest dosage can be prescribed. [6] As a matter of fact, novel drug delivery systems are spreading broadly as alternatives to conventional drug delivery systems. For instance, lipid nanoparticles such as micelles and liposomes are being investigated for drug delivery to targeted tissues. Yet, the problem of such delivery systems is the reduction of their half-time by phagocytic absorption and hepatic filtration as well as targeted release and nanoparticles' toxicity. [7] To overcome the challenges, cells are proposed to be employed as pharmaceutical carriers. [8] Cellular carriers have a complex mechanism to evade the immune system, [9] the potential of implantation in specific tissues as well as passing impermeable barriers such as the blood-brain barrier (BBB) in comparison with drug delivery systems in nanoscale. In addition, other cell features including long circulation time, abundant surface ligands, flexible morphology, cellular signaling, and metabolism of drugs can be used. [1] Drug diffusion from carrier cells results in dosage control, accessibility, and delivery of drugs to the desired site of patient's body. Drug release is conducted through inactive transport, exocytosis, or efflux pumps that can be set by biological signals. [10] Further, different cells such as erythrocytes, platelets, leukocytes, stem cells (SCs), fibroblasts, and cancerous cells have been investigated as novel drug delivery systems. [1] Not only do cells but also their membranes can be used in releasing systems, and there are two ways in which cell-based systems can be used. [11] In the first one, the DNA which contains the genes for therapeutic factors, mostly specific proteins, is imported into the cell through particular vectors, and the expression of these genes leads to the formation of therapeutic factors. [12] In the second way, a synthetic drug or a set of nanoparticles containing it are loaded in a cell or on its surface through various methods. [6] To illustrate, we can load therapeutic factors in macrophages through phagocytosis [13] or a drug on the surface of erythrocytes through avidin-biotin bridge. [14] Table 1 shows some cell or cell membrane, their potential targets, and the kind of substance that may be incorporated. In this article, the most common cells that are used as drug delivery systems will be reviewed, and the methods of drug loading on them are going to be discussed.
The methods of drug loading inside of or on the surface of cells
Various methods are employed to load drugs into or on the surface of cells including hypotonic dialysis, electroporation, incubation, and encapsulation of therapeutic factors through biological pathways and conjugation of them on the surface of cells. In sum, all the mentioned methods have been experimented to load drugs into or on the surface of erythrocytes, and for other cells, one of the methods should be used according to and based on the properties of the cells.
Hypotonic dialysis
Any method which is used to encapsulate therapeutic factors in cells should make minimum alterations to cells. Hypotonic dialysis is among the desired methods as it maintains biochemical and physiological properties and provides the highest percentage of encapsulation. [6] In fact, in this method, cells are swelled in a hypotonic solution under osmotic pressure and some pores appear on the cell membrane; so, consequently, therapeutic molecules can pass through the membrane. Finally, pores are filled by submergence of the cell in an isotonic buffer. [14, 21] 
Electroporation
In fact, in this method, cells are in a strong electrical field that induces pores in their membranes and let pharmaceutical factors to be imported into cells. [22] Hence, for this purpose, the cell suspension is put in a conductive solution and subjected to an electrical field with high intensity. Furthermore, it should be noted that the used conductive solutions should contain sodium tetraborate 0.0125 mol/L and NaOH 0.00313 mol/L. In addition, an electrical field with the intensity of 20 Kv/cm for 20 µs is exposed for making pores in the membrane. Then, a perturbation in the bilayer phospholipid leads to the dysfunctionality of cell membrane that lets molecules to get encapsulated. Indeed, this method is employed for encapsulation of enzymes, nucleic acids, and anionic drugs such as diclofenac into erythrocytes. [1] Incubation As a matter of fact, some drugs such as hydrocortisone can be imported into cells through direct incubation or inactive transport mechanism. In addition, nanoparticles can attach to cells' surfaces through electrostatic interaction and then be imported into it. [23] For example, in a study, immunoglobulin-G was conjugated with PEG-DSPE -a combination of a drug and polyethylene glycol, and it was concluded that the combination of PEG-DSPE-IgG can be imported into erythrocytes through lipid transfer. [16] [24] Endocytosis is a pathway for materials to enter cells through alterations in the plasma membrane. [25] Some parameters including the size, shape, charge, and mechanical features of the external body affect endocytosis, and this fact provides an opportunity to regulate the encapsulation of pharmaceutical carriers. Pinocytosis, a type of endocytosis, imports liquids and prebroken molecules into cells. Eukaryotic cells conduct pinocytosis regularly with the preference to import small molecules. [26] The homeostasis of plasma membrane can be employed to encapsulate pure drugs in erythrocytes. Some drugs such as hydrocortisone, primaquine, vinblastine, and chlorpromazine have the ability to enter cells through pinocytosis. Pinocytosis is dependent on adenosine triphosphate. This method is based on simple absorption. [26] In contrast, phagocytosis occurs in specific cells such as macrophages. [19] In fact, when immune responses excite phagocytic cells, these cells can import micro-and nano-particles through an actin-dependent mechanism while detection of some receptors such as FCs, complements, and mannose facilitates this mechanism. [27] The size of pharmaceutical carriers such as nanoparticles, micelles, and liposomes is usually in this range. Then, imported particles are combined with lysosomes and lysed by digestion enzymes. Indeed, as phagocytosis is an immune defense method against external invaders, it is tremendously effective for drug loadings in cells. Hence, phagocytic cells can be used as drug delivery systems instead of designing drug-containing particles to stand against the reticuloendothelial system. In addition, phagocytosis can be raised by opsonization; therefore, drug-containing particles are coated with either proteins or antibodies in order for their detection by mononuclear phagocyte system to rise. For instance, the surface of Fe 2 O 3 particles was coated with immunoglobulin and albumin in a study to raise phagocytosis. In brief, a multitude of drug-containing nanomaterials such as inorganic, polymers, and liposomal ones were loaded in phagocytic cells through this method, and studies have revealed that the size, geometry, and charge of drug carriers play an essential role in phagocytosis. [28] 
Conjugation of therapeutic factors on the surface of cells
There are two different approaches to attach therapeutic factors to the surface of cells. First one is the direct method in which drugs are bound to the receptors available on the surface of cells, while in the second one which is entitled indirect method, drugs are bound to a conjugated ligand like antibodies on the surface of cells. [7] Plenty of various functional groups have been discovered on the surface of cells that enable biological conjugation, and among these functional groups, type one amines and thiol groups are used, thanks to their working convenience and less toxicity. Conjugation through covalent bonds usually provides stronger attachments in comparison with ligand-receptor bounds; therefore, it prevents the detachment of therapeutic factors during cell migration. [1] Furthermore, nanoparticles can be attached to the surface of cells to raise the circulating time of drug-containing nanoparticles in blood. For example, studies have demonstrated that polystyrene nanoparticles can bind to the surface of red blood cells (RBCs) and detach from erythrocytes inactively due to shear forces and cell-cell interactions; thus, the concentration of novel systems was three times more than the primary system in blood. [29] Conjugation of drugs or pharmaceutical carriers on the surface of cells can take place through avidin-biotin bridge. Biotin is a water-soluble vitamin that has a great tendency to attach to avidin and streptavidin. Hence, the aforementioned biological bridge can be formed on the surface of erythrocytes through attachment of amine groups by either n-hydroxysuccinimide ester or oxidation of aldehyde groups on the membranes of erythrocytes through hydrazide biotin. Accordingly, Magnani et al. showed that it can be possible to bind to thousands of biotin molecules on the surface of each erythrocyte. [30, 31] Another applicable instance is to bind a thrombolytic agent to the surface of erythrocytes through avidin-biotin bridge. Besides, click chemistry is another method for attachment of drugs or pharmaceutical factors on the surface of cells. Click chemistry is a fast, selective, and biorthogonal reaction with high production percentage and the ability to stabilize materials on the surface of cells. Chiefly, there are different diverse click chemistry methods for stabilization of molecules on the surface of cells like azide-alkyne cycloaddition reaction catalyzed by copper and Diels-Alder reaction. [32] Other methods include molecules stabilization based on antibody-antigen attachment. [33] 
Proposed Cells and Cells Membranes for Drug Delivery Erythrocytes
RBCs are the most blood cells and responsible for oxygen transfer. Furthermore, these biconcave cells have the diameter of 7-8 µm and the mean volume of 90 fL, and in the mammalian, erythrocytes do not have nuclei and lose their organelles throughout maturation. In fact, they age from 100 to 120 days, and afterward, macrophages eliminate them selectively. In addition, although the area of an erythrocyte's surface is 136 µm 2 , it can swell and get to the shape of a sphere having the volume of roughly 150 fL. [34] The idea of using erythrocytes as pharmaceutical agents was first presented in 1970 since in comparison with artificial drug delivery systems, erythrocytes have outstanding features making them special carriers for drugs. [7] As an illustration, these cells are inherently biocompatible, especially when drugs are loaded on autologous cells. Furthermore, erythrocytes are biodegradable cells that do not produce toxic by-products and age longer than artificial carriers. For example, on the occasions when loading condition is optimum, loaded erythrocytes can age as much as healthy and normal erythrocytes. Finally, the range of desired size, size alteration, and the ability of being loaded with high capacity are among the other features of the drug delivery systems based on erythrocytes. [30] Being biconcave and not having nucleus provide erythrocytes with the capability of being loaded with a broad range of drugs. [1] There are different methods for loading drugs in erythrocytes.
Pharmacokinetics of erythrocytes and targeted drug release through them
Autologous plasma or an isosmotic buffer in temperature of 37°C or dialysis sac is used for ex vivo investigation of loaded drugs in erythrocytes. Studies have shown that both zero and first order release are possible to be approached [35] and that the release of drugs from erythrocytes is of the sustained and slow ones. Furthermore, as it was mentioned in advance, the lifetime of loaded erythrocytes can be as long as that of normal ones provided that drug loading is conducted under optimum conditions. In addition, another outstanding merit of erythrocyte-based release systems is a tangible decline in the fluctuations of drug concentration in comparison with ordinary drug prescription methods. [29] Aged erythrocytes are identified by the reticuloendothelial system and eliminated; therefore, erythrocytes can be utilized to release drugs in phagocytic cells like macrophages and in fact, in the tissues in which macrophages are available. Accordingly, liver and spleen can be considered as two examples of these tissues. Thus, macrophages of different tissues can be targeted. [36] 
Some conducted research on erythrocytes as drug carriers
Most research on cell-based drug delivery systems has been carried out on erythrocytes. In these studies, erythrocytes have been employed to carry some drugs such as antiparasitic, antiretroviral agents, cardiovascular drugs, and enzymes. [37] In some studies, an impermeable predrug was encapsulated in erythrocytes and then transformed into an active drug through enzymes of the erythrocyte and released into the bloodstream. The release is usually based on phosphorylation. In fact, dephosphorylation makes the impermeable predrug an active impermeable molecule. Therefore, all drugs are not appropriate in this case since dephosphorylated part must be excreted through the membrane through either inactive transfer mechanisms with intermediaries. Some of these drugs are predrugs, anti-inflammatory, antiviral, and anticancer drugs. [38, 39] Magnani et al. showed that dexamethasone 21-phosphate can be loaded in erythrocytes in a wide concentration range so that it is released into the bloodstream through inactive transport after dephosphorylation. This professional drug delivery and release system can be employed to release drugs for chronic diseases such as intestinal inflammation and ulcerative colitis. This system provides dexamethasone to be released in 28 days. [40] In addition to the above method that loaded drugs in erythrocytes, active drugs can also be loaded in erythrocytes to elongate the release time. [41] This approach not only provides longer release time but also prevents protein-based drugs from clearance, antibody attachments, and as a result, detection by the immune system and lysis through circulating proteases. [39] Loading active drugs in erythrocytes is a suitable approach to release enzymatic drugs as liver eliminates enzymes quickly. The best instance for enzyme loading in erythrocytes is the loading of L-asparaginase. This loading was successfully used to treat acute lymphoblastic leukemia in children and adults. [42] As was mentioned before, macrophages of the reticuloendothelial system such as peritoneal, hepatic Kupffer, and pulmonary alveolar macrophages as well as vascular endothelial cells are the effective place for degradation of aged or abnormal erythrocytes. It should be noted that aging of erythrocytes and a group of factors and tensions make them detectable for macrophages. [43] Almost all the erythrocytes that undergo structural changes are captured by the reticuloendothelial system, in particular, that of spleen and liver. This takes a short time; the drug is thus transferred to the reticuloendothelial system. Therefore, encapsulation of drugs in erythrocytes results in fast drug delivery to reticuloendothelial system. In this method, either macrophages or the tissue containing them such as spleen and liver are targets. [29] Specific drug release into the macrophage-monocyte system can be a benefit as macrophages are able to function as containers for viruses. In the second case, spleen and liver can be targeted for some disease. Lots of metabolic diseases result from dysfunctionality or insufficiency of enzymes; thus, they can be cured by these enzymes. Short half-life, allergic reactions, and toxigenicity are the main problems of enzyme therapy. If enzymes be loaded in erythrocytes, these problems are resolved. Used enzymes consist of beta-glucosidase, beta-glucuronidase, and beta-galactosidase. Gaucher's disease leads glucocerebroside to accumulate in spleen and liver; hence, loading glucocerebrosidase enzyme in erythrocytes cures this disease. [29] In Table 2 , some enzymes that were loaded in erythrocyte are shown.
Moreover, loaded deferoxamine in erythrocytes can be used for the treatment of extra accumulated iron for thalassemia patients who receive blood. Delivering such a drug to RES is advantageous as it makes the aged and transformed erythrocytes degrade in the reticuloendothelial system. Thanks to iron accumulation in spleen and liver; these tissues can be targeted through this method and prevented dysfunction. Furthermore, there are a group of methods for the evolution of reticuloendothelial system targeting. For instance, if antibody-G is loaded on the surface of erythrocytes, targeting liver is preferred whereas spleen is targeted when erythrocytes are coated with immunoglobulin-M. [52] Figure 1 demonstrates targeted drug delivery to the liver and spleen through opsonization by IgG and IgM.
Another example of loading drugs on the surface of erythrocytes is the attachment of the tissue plasminogen-activating agent to the surface of erythrocytes to treat and prevent thrombosis formation. This claim has been shown to have encouraging results. [53] Plenty of studies have been carried out to develop the release of erythrocytes-based therapeutic factors albeit various challenges such as fast leakage of drugs, drug-induced physiological alterations of erythrocytes, and contamination of blood sources. Furthermore, successful clinical trials of erythrocyte-based carriers have revealed that these cells have the capacity to be employed as novel drug delivery carriers. [30] Platelets Megakaryocytes produce platelets. Small size and not having a nucleus are the features of platelets. They play an essential role in homeostasis. [54] Although platelets age from 7 to 10 days that is lower compared to other blood cells, some features thereof such as storing capacity and high payload make them interesting drug carriers. [8] Platelets can be targeted perfectly and migrate to destroyed parts of the body or the places where cell proliferation rate is higher. Furthermore, these cells have a great importance in inflammation; thus, they are available in the tumor site. Drugs can be loaded in platelets through either electroporation or incubation. Studies have shown that loading doxorubicin in platelets has better consequences in comparison with the drug only. The results of this study were encouraging both in vivo and in vitro. [55] Other researches have shown that metastatic cells have a great tendency to adhere to platelets through surface proteins. Therefore, anticancer drugs can be loaded in platelets to sabotage and eliminate metastatic cells. [56, 57] [58] Since the hypoxic condition is an outstanding feature of solid tumors, targeted drug delivery to tumors with limited toxicity and high efficiency is an important aim in the pharmacokinetics of cancer therapy. Tumor hypoxic cells secrete chemical absorbents or adherent agents through vascular system resulting in the migration of monocytes to the tumor site. Hence, macrophages' tendency to migrate to tumor site which is called tumor-tropic feature can be used for releasing therapeutic agents or imaging contrast dyes into the tumor site. Furthermore, another interesting feature of macrophages is that these cells can pass the BBB, and for that reason, macrophages can be loaded with anticancer drugs ex vivo and then injected into the body to cure brain tumors. In addition, anticancer drugs should be loaded in liposomes to stay secured by the time they reach tumors. Furthermore, as it was mentioned in advance, incubation and phagocytosis can load drugs in macrophages. [13, 58] 
Stem cells
Studies based on SCs are expanding, and SCs are employed in tissue engineering and regenerative medicine. For example, mesenchymal and nervous SCs have been used as drug carriers. [12] These SCs are tumor-tropic and consequently can be used in treating and imaging tumors. More important, such a feature can be utilized in two ways. The first way is the encapsulation of therapeutic agents and anticancer drugs in stem cells and the second way is to import the genes that are related to therapeutic agents into the stem cells so that the genes can be expressed in the tumor site and demonstrate its anticancerous impact. Indeed, genetic engineering or gene therapy is used in the second case. As an example, tumor necrotic factor was released in the tumor site and activated caspase cascade of tumor cells leading to apoptosis. [7] Numerous studies have been conducted pertinent to loading drugs or nanoparticles that contain drugs or contrast agents in SCs. In 2010, Roger et al. loaded coumarin-6 anticancer drug in polylactic acid nanoparticles and lipid nanocapsules and then the fabricated carriers in mesenchymal SCs. The results disclosed that drugs did not have any impact on cell viability or tumor-tropic feature. [59] In addition to encapsulation of anticancer drugs in SCs, nanoparticles have been loaded in SCs. Most importantly, these nanoparticles are contrast agents in magnetic resonance imaging. Fe 2 O 3 -loaded nanoparticles were employed for tumor diagnosis in the lungs of mice that showed encouraging results. In this study, nanoparticles were imported into cells through unspecific absorption or pinocytosis. [60] Furthermore, coating with nanoparticles or liposomes that contain drugs with hyaluronic acid has been shown to cause attachment to CD44 receptors on the surface of mesenchymal SCs followed by phagocytosis. [61] Application of the membranes of erythrocytes as drug delivery carriers
As was presented in previous sections, cell membranes or cell ghosts can be used in drug delivery systems. When the diameter of drug carriers is in nanoscale, for example, nanoliposomes and nanoparticles, cell absorption rises. Therefore, cell membranes can be engineered to form nanoerythrosomes. Nanoerythrosomes are erythrocytes' membranes with the diameter of below 200 nm that increases cell absorption. Hence, for producing such nanoerythrosomes, hemoglobin should be eliminated at first through hypotonic lysis. Then, erythrosomes should pass through a polycarbonate membrane to achieve the particles, and drugs are loaded in nanoerythrosomes through coextrusion. [62] Furthermore, drugs can be loaded on the surface of erythrosomes which has proven to lead to suitable pharmacokinetic and pharmacodynamical conditions no matter loading in erythrosomes or their membranes. In addition, macrophages can be targeted through this method. [61] 
Application of bacterial membranes as drug delivery carriers
Cytoplasm-free bacterial membranes can be used as drug delivery carriers. To illustrate, in the cases of negative-Gram bacteria, expression of a specific gene makes a hole in the membrane of bacteria resulting in the internal contents of the cell to leave. More importantly, the produced membranes retain their morphology, natural level, antigenic structure, and bioadherence. Hence, because they retain their natural level, they can stimulate humoral and cellular immune responses and consequently be used in vaccination. Furthermore, bacterial membranes can be used as antigens and nucleic acids' predrugs while drugs can be attached to the surface of these membranes as well. Reported release from bacterial membranes has been of stable ones. In addition, high bioaccessibility, low cost, and simple production methods are the other features of such systems. [19] The targeted release can be achieved with the application of bacterial membranes since these membranes can target dendritic cells, macrophages, tumor, and endothelial cells. For instance, the membrane of bacterium Mannheimia haemolytica has shown an appropriate adhesion to colorectal cancer cells. Therefore, with loading anticancer drugs in such membranes, cancer can be cured. Ex vivo studies on the treatment of colorectal cancer by loading doxorubicin in the membrane of M. haemolytica have led to encouraging results. [63] 
Conclusion
In the recent decade, various cell types including erythrocytes, platelets, SCs, white blood cells, and also their membranes such as erythrocytes have been used as drug carriers. The most important benefits of cellbased drug carriers are enabling targeted drug delivery, improving pharmacokinetics and pharmacodynamics and greater biocompatibility. Therapeutic agents such as drugs, enzymes, hyperthermia therapeutic agents, and imaging agents have been loaded in aforementioned cells. Despite the challenges in cell-based drug delivery, this method can revolutionize therapeutic and diagnostic technologies. Among mentioned cell carriers, erythrocytes have been very noticed, thanks to their outstanding features. L-asparaginase-loaded erythrocytes have been used in clinical investigations for the treatment of pancreatic cancer and lymphoblastic leukemia. It should be considered that any development in the field of biomaterials indubitably extends cell-based drug delivery systems. Thus, combination of cells and nanobiomaterials is a novel drug delivery method that theoretically is the most creative and encouraging drug delivery method and demanding great efforts and attempts to achieve the optimum drug delivery patterns.
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